Abstract: Echium oil (EO), which is enriched in SDA (18:4 n-3), reduces plasma triglyceride (TG) concentrations in humans and mice. We compared mechanisms by which EO and fish oil (FO) reduce plasma TG concentrations in mildly hypertriglyceridemic male apoB100-only LDLrKO mice. Mice were fed one of three atherogenic diets containing 0.2% cholesterol and palm oil (PO; 20%), EO (10% EO + 10% PO), or FO (10% FO + 10% PO). Livers from PO-and EO-fed mice had similar TG and cholesteryl ester (CE) content, which was significantly higher than in FO-fed mice. Plasma TG secretion was reduced in FO vs. EO-fed mice. Plasma very low density lipoprotein (VLDL) particle size was ordered: PO (63 ± 4 nm) > EO (55 ± 3 nm) > FO (40 ± 2 nm). Post-heparin lipolytic activity was similar among groups, but TG hydrolysis by purified lipoprotein lipase was significantly greater for EO and FO VLDL compared to PO VLDL. Removal of VLDL tracer from plasma was marginally faster in EO vs. PO fed mice. Our results suggest that EO reduces plasma TG primarily through increased intravascular lipolysis of TG and 
elevated plasma TG levels [31] . The goal of this study was to determine whether the mechanisms of TG lowering were similar for EO and FO.
Experimental Section

Animals and Diets
Male apoB100-only mice were created by Dr. Steve Young [32] . They were then crossed with LDLrKO mice and used in a mixed C57BL/6 background (~93%) for previous studies [30, 33] . Mice for this study were backcrossed 5-6 times with C57BL/6 LDLrKO mice and determined to be >99% in the C57BL/6 background by genome-wide screens using 134 single nucleotide polymorphisms that were polymorphic between the C57BL/6 and 129/SVEV strains and spaced approximately 20 Mb across the mouse genome. The animals were housed in a specific-pathogen free facility at Wake Forest School of Medicine. All experimental procedures were approved by the Institutional Animal Care and Use Committee.
At 8 weeks of age, mice were randomly assigned to one of three experimental diets: palm oil (PO), fish oil (FO), or echium oil (EO). Each diet contained 0.2% cholesterol, 0.2% FO (to prevent essential fatty acid deficiency), and 10% of calories from PO, with an additional 10% of calories from either PO, FO, or EO, for a total of 20% calories as fat. Complete diet [8] and fatty acid compositions [30] have been previously described. All experiments were performed on mice after 4-8 weeks of diet consumption except for liver lipid and VLDL compositional analyses, which were conducted in mice fed for 16 weeks.
Plasma Lipid Analysis
All blood samples were collected via tail bleeding into 75 µL heparinized capillary tubes from 4 h fasted mice. Plasma was isolated by centrifugation of blood at 12,000 rpm (4 °C) for 10 min and used immediately or stored at −20 °C for later use. Plasma cholesterol (Wako) and TG (Roche) were determined by enzymatic analysis as described previously [34] . ApoB concentrations were determined by SDS-PAGE and Western blotting using 2 µL of whole plasma. Separated proteins were then transferred to a nitrocellulose membrane and apoB visualized using a 1:5000 dilution of apoB100 goat anti-human primary antibody (Biodesign), 1:5000 α-goat IgG HRP secondary antibody (Sigma), and chemiluminescence substrate (Thermo Scientific). ApoB band intensity was quantified using a Fuji Film Cold Camera and Multi-Gauge Software. Plasma lipids were extracted using the Bligh-Dyer method [35] for fatty acid analysis. Lipids were fractionated into phospholipid (PL), TG, and cholesteryl ester (CE) bands by thin-layer chromatography using a neutral solvent system. Each fraction was methylated and analyzed by gas-liquid chromatography for fatty acid content, as previously described [34] .
RNA Analysis
TRIzol reagent was used to isolate total RNA from livers of mice after 16 weeks of experimental diet feeding. One ug of RNA was converted to cDNA and 20 ng of cDNA was used to perform quantitative real-time PCR using SYBR Green PCR master mix (Applied Biosystems). GAPDH was used as the housekeeping gene and the results were evaluated using the 2 −ΔΔCT method [36] .
VLDL Characterization
After 16 weeks of experimental diet feeding, mouse plasma VLDL was isolated to determine size, lipid and protein composition, and particle number. VLDL was isolated from plasma by ultracentrifugation at 100,000 rpm for 4 h at 15 °C at a density of 1.006. The VLDL fraction was removed by tube slicing and re-isolated to minimize albumin contamination. VLDL was used immediately or stored at −20 °C for later use. VLDL total cholesterol, free cholesterol, and TG concentrations were determined by colorimetric enzymatic assays [34] . Cholesteryl ester was calculated as [total cholesterol (TC) − free cholesterol (FC)] × 1.67 (to correct for loss of fatty acid after saponification). PL was quantified by a PL phosphorus assay [37] . Protein concentrations were determined by micro BCA assay. The surface-to-core ratio of VLDL constituents was calculated from the measured chemical constituents (surface constituents: FC + PL + protein; core constituents: CE + TG) and used as a surrogate measurement of VLDL particle size. Two µL of isolated VLDL dissolved in 43 µL saline was used to determine VLDL size by light scatter analysis using a Zetasizer Nano Series light scatter instrument (Malvern Instruments, Westborough, MA, USA). The resulting profile was analyzed using Disperson Technology Software 4.2 (Malvern Instruments) and VLDL size was quantified as the primary peak in the analysis by volume.
Hepatic Lipid Analysis
Livers from mice fed for 16 weeks were used to conduct liver lipid analysis. Lipids were extracted using 2:1 chloroform:methanol, 1% Triton X-100 in chloroform was added, and the mixture was dried under a stream of N 2 gas at 60 °C and resuspended in water for a 1:2 final ratio of dH 2 O:Triton X-100. TG, TC, FC, and CE content were then quantified by enzymatic analysis as described above.
Determination of Plasma Post-Heparin Lipase Activity
Plasma lipoprotein lipase (LPL) and hepatic lipase (HL) activities were quantified using post-heparin plasma as a source of enzyme and a micellar artificial substrate. Briefly, animals were fasted for 4 h before tail vein injection of 100 units/kg (180 mg/kg) heparin (sodium salt dissolved in saline) to release capillary-bound lipases. Ten minutes post-injection, a blood sample was taken and plasma was separated by low-speed centrifugation. The substrate for total lipase activity was prepared and the assay performed as previously described [38, 39] , except 10 µL plasma was used as the enzyme source and 1 µg apolipoprotein CII (Sigma) was added to each reaction to activate LPL. Hepatic lipase activity was determined by adding 95 µL 4 M NaCl to inhibit lipoprotein lipase. Lipoprotein lipase activity was calculated as the difference between the total lipase activity and HL activity.
VLDL Lipolysis by LPL
To determine the extent to which diets affected VLDL TG hydrolysis, we isolated plasma VLDL from mice in the three diet groups and incubated the VLDL particles with LPL in vitro. VLDL (2 µg TG) was added to a microtiter plate and adjusted to equal volumes with water. Twenty-five ng of LPL (Sigma) and 1 µg of apoCII (as activator, Sigma) were added to initiate the hydrolysis. Duplicate samples minus apoCII were used to subtract background lipolysis. The samples were incubated at 37 °C for 1 h, after which release of NEFA was measured using a modification of the NEFA C method (Wako). NEFA C reagents were added per the manufacturer's instructions and the amount of free fatty acids released was measured by a colorimetric reaction, using oleic acid (OA) standards. Pilot studies were performed to establish that these conditions resulted in a linear increase in fatty acid hydrolysis as a function of increasing VLDL TG substrate. Lipase activity was calculated as µmol FA released/h/mL.
TG Synthesis Rate Analysis
Hepatic secretion rate was determined in mice fed the experimental diets for 4-6 weeks. After a 4 h fast, mice were anesthetized with ketamine/xylazine and a baseline retro-orbital blood sample was taken. Then, mice were injected retro-orbitally with an equal volume of Triton WR 1339 (500 mg/kg mouse) and 0.9% NaCl [40] . Blood samples were taken at 45, 90, and 180 min post-injection. Plasma TG concentrations were measured by enzymatic analysis as described above. Hepatic secretion rates were determined by calculating the slope of TG values over the time course (0 to 180 min) using GraphPad Prism software.
Turnover Studies
One PO-fed and two EO-fed mice, fed their respective diets for at least 16 weeks, were used as donor mice. Mice were terminally bled by cardiac puncture and plasma was collected as previously described. Plasma from the two EO-fed mice was pooled. VLDL was then isolated from both samples as previously described. VLDL (150 µg protein) was radioiodinated with 50 µCi of radioactive iodine (PO-VLDL with 125 I, and EO-VLDL with 131 I) using the ICl method [41] and desalted on a 10 mL Bio-Rad-Pac10 disposable chromatography column. VLDL was then dialyzed in 12 mM phosphate buffer containing 124 mM NaI (pH 7.4) and radiolabel, and protein was measured to calculate specific activity (i.e., dpm/µg protein). 550,000 cpm of each VLDL dose was combined and injected into PO-fed and EO-fed recipient mice via the jugular vein. Blood was collected 5 min, 30 min, 1, 2, 4, 6, 8, and 24 h post-injection. A multi-compartmental model (SAAM II program) was used to estimate the fractional catabolic rate (FCR), as described previously [42] . Plasma was separated as described above and apoB radioactivity was measured after isopropanol precipitation by gamma counting. Die-away curves were plotted as % of 5 min plasma radioactivity. Plasma samples were also separated by FPLC to determine the amount of radiolabel remaining as VLDL 30 min, 3 h, and 8 h post-injection.
Statistical Analysis
All data are presented as mean ± SEM. Differences among the 3 diet groups were analyzed by one-way ANOVA (p < 0.05) using GraphPad Prism software. Individual diet differences were identified using Tukey's post-test analysis.
Results
Echium Oil Reduces Plasma Triglyceride Concentrations
In this study, mice were switched from chow to the experimental diets at eight weeks of age and total plasma cholesterol (TPC) and TG concentrations were examined at earlier times after experimental diet initiation. Four days after diet initiation, TPC concentrations increased nearly three-fold for all three diet groups compared to the chow baseline (i.e., zero time point). Thereafter, TPC increased with time, but differences in values were not seen over the 28-day period ( Figure 1A ,B, AUC = area under the TPC vs. time curve). Plasma TG concentrations decreased 50% within 4 days of experimental diet feeding and remained unchanged for the EO and FO groups, but increased to significantly higher values for the PO group ( Figure 1C,D) . These data show the rapid hypotriglyceridemic effect of the n-3 diets in our model. Furthermore, in a separate cohort fed the experimental diets for 16 weeks, body and liver weights were similar throughout the study. Additionally, after 16 weeks, plasma PL, TG, and CE fatty acid compositions reflected that of the experimental diets (Supplemental Figure S1 ), similar to our previous 8-week study [30] . . After a 4 h fast, blood was collected via tail bleeding into 75 µL heparinized capillary tubes. Plasma was isolated from blood by centrifugation at 12,000 rpm at 4 °C. Animals were bled at baseline (0 days), and after 4, 8, 12, 20, 24, and 28 days on diet. Plasma total cholesterol (TC, Wako) and triglyceride (TG, Roche) concentrations were determined by enzymatic assays. Area under the curve (AUC) for each animal was calculated and TC and TG differences among the three diet groups were determined by one-way ANOVA using GraphPad Prism software. TC (n = palm oil (PO)-6, echium oil (EO)-11, and fish oil (FO)-7) (A), area under the curve for TC (B), TG (n = PO-7, EO-12, and FO-8) (C) and area under the curve for TG (D). Values represent mean ± S.E.M. and different letters represent a significant difference (p < 0.0001).
Echium Oil Alters VLDL Composition
Since plasma TG levels were strikingly decreased for the two n-3 diet groups, a terminal blood sample was collected after 16 weeks of diet feeding to isolate plasma VLDL for measurement of chemical concentration and particle size. VLDL particles from EO and FO fed mice had significantly less CE and corresponding increases in PL and protein (Figure 2A ). These compositional differences suggested a difference in VLDL particle size, since the n-3 groups had decreased core and increased surface constituents. Calculation of the surface-to-core ratio (i.e., FC + PL + protein/CE + TG), an indirect measurement of VLDL particle size, suggested smaller VLDL particles in the EO and FO groups (i.e., increase in ratio; Figure 2B ). Further, analysis of VLDL particle size by laser light scatter revealed a tendency, though not significant, for decreased particle size for the EO and FO groups compared to the PO diet group, which was statistically significant for the FO vs. PO comparison ( Figure 2C ). Whole plasma apoB particle concentrations (measured by Western blot) tended to decrease in the EO and FO groups but did not reach statistical significance ( Figure 2D ). 
Echium Oil does not Affect Liver Lipid Content and Gene Expression
Previously, we found a trend towards decreased hepatic TG and CE content after 8 weeks of the EO diet compared to the PO diet [30] . However, after 16 weeks, hepatic lipid content in the EO group was more similar to that of the PO group than in our shorter study. FO-fed mice had significant decreases in hepatic TC and TG, while PL remained similar among all groups (Figure 3) . Furthermore, genes involved in TG biosynthesis, such as SREBP1-c, ACC, SCD-1 and FAS, were expressed to a similar extent for EO-vs. PO-fed mice, whereas expression was reduced, in general, for FO-fed mice (Figure 4) . 
Echium Oil does not Affect liver TG Secretion Rate
One potential mechanism for reduced plasma TG concentrations in EO-fed mice is decreased hepatic VLDL TG secretion into plasma. To test this possibility, mice fed PO, EO, and FO diets for 4-6 weeks were fasted for 4 h and injected with Triton WR 1339 (500 mg/kg mouse) to inhibit plasma lipase activity [40] . The accumulation of TG in plasma was subsequently measured over 3 h ( Figure 5 ). The accumulation rate of plasma TG was significantly less for mice fed FO compared to those fed EO, whereas the accumulation for PO-fed animals was intermediate. Thus, hepatic VLDL TG secretion could not account for the reduced plasma TG concentration for EO-vs. PO-fed mice. 
Echium Oil-Derived VLDL Particles Are More Susceptible to Hydrolysis
Lowered TG concentrations that accompany FO consumption may be mediated by increased lipolysis [43, 44] . However, in hypertriglyceridemic human subjects 4 weeks of FO decreased plasma TG without affecting LPL and HL activity [45] . To determine whether the reduced plasma TG concentrations in EO-fed mice were due to increased TG lipolysis, we measured post-heparin lipase activity using a standard TG micellar substrate to test for increased lipase activity. We isolated plasma VLDL and measured TG lipolysis using purified LPL to test for increased lipolysis of TG with EO VLDL. As shown in Figure 6A , HL and LPL activities were similar among the three diet groups, suggesting that decreased plasma TG in EO-fed mice was not due to increased lipase activity. However, incubation of isolated VLDL with purified LPL resulted in significantly increased levels of VLDL TG lipolysis, measured as free fatty acid release, for VLDL isolated from EO-and FO-fed mice compared to PO-fed mice ( Figure 6B ). , and lipoprotein lipase (LPL) activities in plasma of mice after 28 days of PO, EO, or FO diets (n = 4, n = 6, n = 4, respectively). After a 4 h fast, mice were injected with 100 units/kg (180 mg/kg) heparin sodium salt (Sigma) dissolved in saline. 10 min post-injection, blood was collected and plasma separated as described previously. Triolein (Sigma) was used as a substrate. See Materials and Methods for details on substrate preparation. Post-heparin plasma was combined with the substrate and apoCII (Sigma) as a co-activator. HL activity was assayed by salt inhibition of LPL and LPL activity was calculated as total lipase activity minus HL activity. (B) VLDL lipolysis by purified LPL. 2 µg of VLDL TG from each diet group (PO, n = 7; EO, n = 11; FO, n = 3) were incubated with 25 ng of LPL (Sigma) for 1 h at 37 °C. Total NEFA released were measured by colorimetric analysis using a NEFA assay (Wako). The bars represent mean ± S.E.M. Values with different letters are significantly different (p < 0.05).
Echium Oil Has Minimal Impact on Plasma VLDL Particle Turnover
Since EO VLDL particles were lipolyzed to a greater extent by purified LPL compared to PO VLDL, we investigated whether EO VLDL particles had increased removal rates from plasma. After a 4 h fast, PO-and EO-fed recipient mice were injected with a mixture of 125 I-radiolabeled PO VLDL and 131 I-radiolabeled EO VLDL in a cross-over design. Plasma samples were taken over 24 h and apoB radiolabel was quantified after isopropanol precipitation of apoB from plasma [46] . Plasma die-away curves for VLDL apoB are shown in Figure 7 . Because recipient mice lack active LDL receptors, VLDL removal from plasma was slow relative to wild-type mice [47] . Plasma die-away curves were similar for both diet groups regardless of the source of VLDL tracer ( Figure 7A,B) . Several plasma time points taken after VLDL tracer injection were size-fractionated by FPLC to determine whether the radiolabel remained in the VLDL fraction or was converted to LDL-sized particles. Most of the VLDL tracer remained in the VLDL size range, suggesting minimal conversion of tracer to LDL particles during the first 8 h of the turnover study ( Figure 7C,D) . There was also a tendency towards reduced radiolabel in plasma at 3 and 8 h compared with the 30 min sample for EO recipients, regardless of the source of the VLDL tracer ( Figure 7C,D) . However, fractional catabolic rate (pools/day) for both VLDL tracers was similar in PO (0.603 ± 0.123; n = 5) and EO (0.783 ± 0.057; n = 5) recipient mice, suggesting a minimal effect of dietary fat type on VLDL catabolism in the absence of LDL receptors. 
Discussion
Diets enriched in FO result in significantly decreased plasma TG concentrations in humans and animals. Previous studies have shown that EO, a botanical source of n-3 PUFAs, also results in significantly reduced plasma TG concentrations in humans and mice relative to oils devoid of n-3 PUFAs [30, 48] . This study was designed to determine how EO mediates its plasma hypotriglyceridemic effects and whether they are similar to those of FO. Using a mildly hypertriglyceridemic mouse model, we observed similar reductions in plasma TG concentrations for EO and FO relative to PO. However, upon evaluation of hepatic VLDL TG production rates, plasma apoB concentrations, VLDL TG lipolysis by LPL, post-heparin plasma lipolytic activity, and VLDL particle turnover, we discovered that FO exerts its hypotriglyceridemic effect by decreasing hepatic VLDL TG production and increasing plasma VLDL TG lipolysis, whereas only the latter mechanism was observed for EO-fed mice. Our results suggest that EO may be a suitable botanical alternative to FO for n-3 PUFA enrichment and reduced plasma TG concentrations, but not hepatic steatosis, at least in this animal model.
One proposed mechanism for FO-mediated TG lowering is reduced TG synthesis and secretion into plasma. In humans, nonhuman primates, and other animal models, FO reduced VLDL-TG production and secretion [49] [50] [51] [52] . Furthermore, FO-mediated TG reduction appears secondary to reduced fatty acid availability [53] . After 16 weeks of treatment, we found that hepatic TG content was significantly reduced with FO feeding (but not EO feeding) compared to PO. This finding suggests that, although both diets resulted in reduced plasma TG concentrations, the mechanisms involved may be different. Similar findings in hepatic TG secretion during our detergent block studies for the PO-and EO-fed groups also suggest unique TG-lowering mechanisms for PO and EO ( Figure 5) .
These findings are supported by relative increases in lipogenic gene expression in EO-vs. FO-fed mice. Sterol regulatory element binding protein 1c (SREBP1c) is a major target of PUFA control in the liver [54] . N-3 PUFAs decrease the expression of SREBP1c, which acts indirectly to induce lipogenesis by inducing transcription of several lipogenic genes, such as fatty acid synthase (FAS), acetyl CoA carboxylase (ACC), and stearoyl CoA desaturase-1 (SCD-1) [55] [56] [57] . We have previously shown in the apoB100-only LDLrKO mouse model that both EO and FO reduce hepatic SREBP1c, FAS, and SCD-1 expression after 8 weeks of feeding [30] , but the effect was not maintained after 16 weeks of feeding. This suggests that prolonged EO feeding is sufficient to maintain significantly lower plasma TG concentrations compared to PO, even under conditions of apparent hepatic lipotoxicity.
Pan et al. suggested that PUFA peroxidation is involved in the regulation of apoB degradation [58] . ApoB alterations such as decreased ubiquitination have been shown to improve apoB lipidation thereby increasing VLDL size. We observed no diet differences in plasma apoB, i.e., VLDL particle number, consistent with results in other animal models, including non-human primates [59, 60] . When cultured rat hepatocytes were incubated with either EPA or DHA, VLDL secretion was impaired in comparison to oleic acid [61] . Furthermore, DHA incubation resulted in less TG secretion vs. EPA. This may partially explain why FO, but not EO, resulted in decreased TG secretion compared to PO in our studies.
FO reduces plasma TG by reducing lipogenesis; however, other studies have suggested increased TG lipolysis and removal by FO as another potential mechanism. Our turnover studies in PO-and EO-fed mice showed a subtle increase in the removal of EO VLDL particles from plasma. A study of short-term (3-5 weeks) FO feeding in humans reported an increased fractional catabolic rate for VLDL-TG, and possibly decreased VLDL size [50] . Decreased VLDL size may be a function of increased lipase activity; however, whether increased lipolysis is proportional to lipase activity is unclear [45, 62] . PUFA-enriched chylomicrons are better substrates for lipoprotein lipase (LPL) than those containing SFAs in vitro [63] , suggesting increased enzyme-substrate kinetics with FO. Our VLDL chemical analysis showed that n-3 PUFA enrichment decreased VLDL particle size. We found that altered VLDL size and composition resulted in changes in lipolysis susceptibility. Lipase activity was not altered among the three groups, but VLDL from EO-and FO-fed mice was more easily hydrolyzed. These findings show that cell enrichment with n-3 PUFAs can alter the physical properties of lipoproteins, allowing more efficient substrate-enzyme kinetics.
Conclusions
In summary, we have shown that plasma TG concentrations were reduced in EO-and FO-fed apoB100-only LDLrKO mice compared to those fed PO. However, TG lowering by FO and EO did not occur by parallel mechanisms. FO feeding appears to lower plasma TG by reducing hepatic TG secretion and increasing VLDL hydrolysis susceptibility. Alternatively, EO feeding appears to lower plasma TG primarily by increasing intravascular lipolysis, with no effect on hepatic TG secretion. While EO reduced plasma TG concentrations, it did not prevent hepatic steatosis in this mouse model, contrary to FO feeding. Therefore, DHA, which is enriched in lipid fractions with FO, but not EO, feeding, probably plays a greater role in reducing hepatic TG levels than EPA, which is enriched with both FO and EO feeding. Further studies are necessary to completely understand the contributions of EPA and DHA to hepatic lipid metabolism. Our studies suggest that EO possesses cardioprotective properties comparable to those of FO [64, 65] . Though further studies are needed to determine possible adverse effects of EO, such as fatty liver, our findings preliminarily suggest that EO may be an alternative to FO for treating CVD, particular in subjects who are FO intolerant.
